Abstract: Dictyostelium discoideum cells contain autofluorescent vacuoles. To determine the identity of these vacuoles, the fluorescent dye 4-nitro-7-(1-piperazinyl)-2,1,3-benzoxadiazole (NBD-PZ) was used to stain the lysosomes in D. discoideum cells. Neither the auto-fluorescent vacuoles nor lysosomes were observed in D. discoideum cells immediately after they arose from spores or in stationary phase cells. However, both the auto-fluorescent vacuoles and lysosomes were visible in cells that had entered growth phase. Auto-fluorescent vacuoles and lysosomes were also observed in stationary phase cells incubated with chloroquine. When the cells were allowed to phagocytose BioParticles Fluorescent Bacteria (orange fluorescence) for 1 h, orange phagosomes and blue autofluorescent vacuoles were observed as independent moieties. However, after an additional 2 h of incubation, we observed vacuoles with mixed fluorescence (orange and blue) in the cells, suggestive of secondary lysosomes. These results suggest that the auto-fluorescent vacuoles in D. discoideum cells are lysosomes.
Introduction
Amoebae of the cellular slime mold Dictyostelium discoideum feed on soil bacteria and proliferate by binary fission. When deprived of food on solid substratum, homogeneous populations of slime mold cells aggregate to form a slug-shaped mass of cells called the pseudoplasmodium. Under natural conditions, this mass of cells eventually forms a fruiting body, which consists of spores and the supporting cellular stalk.
We previously reported the presence of blue autofluorescent vacuoles in proliferating cells of D. discoideum and Dictyostelium mucoroides [1, 2] . This blue fluorescent substance observed in vacuoles of vegetative cells eventually localized to the inter-spore space of the spore mass in fruiting bodies. It was also shown that the blue fluorescent substance in the inter-spore space of the spore mass is a lumazine-like substance(s) [3] , which is a deamination product of pterin [4, 5] .
Pterins play important roles in various organisms. In mammals, L-erythro-5,6,7,8-tetrahydrobiopterin (BH 4 ) is an essential cofactor of aromatic amino acid hydroxylases, alkyl glycerol mono-oxygenase, and nitric oxide synthases (NOSs) [6] . The two major intracellular pteridines in Physarum polycephalum cells were identified as biopterin and 6-hydroxymethylpterin. Further, in Physarum pteridine biosynthesis it was found that high amounts of BH 4 are produced and NOS is expressed [7] . The major pteridine of vegetative cells of D. discoideum was purified and identified as dictyopterin [8] . It was shown that Dictyostelium cells produce both BH 4 and its stereoisomer D-threo-BH 4 (tetrahydrodictyopterin, DH 4 ), which act as antioxidants [9] . Pteridines have other functions in Dictyostelium cells, for example, lumazines protect spores in the fruiting body from ultraviolet-C radiation [10] .
Unlike the tubular mitochondria found in yeast and mammalian cells, Dictyostelium mitochondria are numerous, spherical organelles [11] . In addition, the pre-sporespecific vacuoles found in Dictyostelium pre-spore cells form from mitochondria [12, 13] . Based on their characteristics, some organelles are called lysosome-related organelles, e.g. melanosomes in melanocytes, lytic granules in natural killer cells in mammals, and Drosophila melanogaster pigment cell granules, which contain drosopterins and ommochromes [14] .
In eukaryotic cells, primary lysosomes are derived from the Golgi body, and secondary lysosomes are formed by the fusion of endosomes with primary lysosomes. In mammals, the antimalarial chloroquine induces lysosomal stress, meaning it induces the hallmarks of macroautophagy and disrupts lysosomal function [15] .
In this study, we attempted to elucidate the specific location of blue auto-fluorescent vacuoles in vegetative Dictyostelium cells using chloroquine and a new fluorescent lysosome dye 4-nitro-7-(1-piperazinyl)-2,1,3-benzoxadiazole (NBD-PZ) [16] .
Materials and methods
The cellular slime mold strain D. discoideum NC-4 was used in all experiments. The cells were cultured with Escherichia coli B/r as a food source for myxamoebae grown on solid agar containing (per liter): 10 g of Bacto-Peptone (Difco, Detroit, MI, USA), 10 g of glucose (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.96 g of Na 2 HPO 4 ·12 H 2 O (Wako Pure Chemical Industries, Ltd.), 1.45 g of KH 2 PO 4 (Wako Pure Chemical Industries, Ltd.), and 20 g of BactoAgar (Difco) [17, 18] . Cells were grown on nutrient agar at 22°C and were allowed to generate terminal fruiting bodies in order to obtain spores.
Cells were also cultured in the above-mentioned nutrient broth without agar (30 mL) with shaking on a reciprocating shaker (100 strokes per minute; TAITEC, Saitama, Japan) at 22°C. Cells in midlogarithmic growth phase (2-5 × 10 6 cells/mL) were harvested from the liquid medium for use in the experiments. Except where indicated, the harvested cells were washed three times by centrifugation with Bonner's salt solution [19] . Other cells were used as stationary phase cells for the experiment after an extended incubation for 24 h in 40 mmol/L phosphate buffer solution (pH 6.4) [20] . Spores were harvested manually by touching a nickel-chrome wire loop to the spore masses supported by a stalk growing on an agar plate in which D. discoideum cells and E. coli were co-cultured at 22°C for 4-5 days. Spore germination was induced homogeneously by a heat shock treatment (45°C for 30 min) in distilled water on a reciprocating shaker (120 strokes per min) [21] . Spores were incubated with shaking on a reciprocating shaker (100 strokes per min) at 22°C for 6 h until each amoeba emerged from every spore.
For specific vital staining of lysosomes in D. discoideum, the cells were incubated in 40 mmol/L phosphate buffer solution (pH 6.4) containing either 50 μM NBD-PZ (Tokyo Chemical Industry, Tokyo, Japan) for 20 min or 5 μM LysoTracker Green DND-26 (Molecular Probes, Eugene, OR, USA) for 60 min at 22°C. Cells were incubated with or without 500 μM chloroquine diphosphate (Wako Pure Chemical Industries, Ltd.), which is a drug that affects lysosomes.
Mitochondria in D. discoideum cells were fluorescently stained by incubating the cells in a 40 mmol/L phosphate buffer solution (pH 6.4) containing 5 μM MitoTracker Orange (chloromethyltetramethylrosamine; Molecular Probes) at 22°C for 15 min. To stain the phagosomes and secondary lysosomes, cells were incubated with BioParticles Fluorescent Bacteria (6 × 10 8 cells/mL; Molecular Probes), which are E. coli conjugated to tetramethylrhodamine, as a food source in phosphate buffer solution for 1 h or 3 h at 22°C on a reciprocating shaker (100 strokes per min). Cells were observed by fluorescence microscopy using a Nikon Microphot-FXA/SA microscope (Nikon Co., Tokyo, Japan) equipped with a filter set for selective fluorescence. To assess auto-fluorescence and the fluorescent dyes NBD-PZ or MitoTracker Orange, the excitation wavelengths were near 365 nm, 495 nm, or 546 nm, and the emission cut offs were 420 nm, 520 nm, or 590 nm, respectively. Photographs were taken with a Nikon digital camera (DS-5M) and a DS-L1 control unit. Photographs of cells incubated with BioParticles Fluorescent Bacteria were taken using Fuji color ASA 100 film (FUJIFILM, Tokyo, Japan).
Results and discussion
The microscopic distribution of auto-fluorescent vacuoles in growth phase cells was almost identical to that of lysosomes stained with NBD-PZ (Figure 1) . The lysosomes in D. discoideum cells were clearly stained with NBD-PZ, as was previously observed in mammalian cells, and this fluorescent dye is much less expensive than other commercially available lysosomal probes [16] .
In cells immediately emergent from spores, the auto-fluorescent vacuoles were not observed, and lysosomes stained with NBD-PZ were not observed (Figure 2 ). Furthermore, in stationary phase, which was induced by incubation in 40 mmol/L phosphate buffer solution (pH 6.4) for 24 h after vegetative growth, the auto-fluorescent vacuoles and lysosomes stained with NBD-PZ were not observed (Figure 3) . In mammalian cells, lysosome function was disrupted by chloroquine treatment, and the lysosomes remained in the cells [15] . When D. discoideum cells were incubated with 500 μM chloroquine in 40 mmol/L phosphate buffer solution (pH 6.4) for 24 h after vegetative growth, the autofluorescent vacuoles and the lysosomes stained with NBD-PZ remained inside the cells (Figure 4) . In growth phase cells incubated without chloroquine the lysosomes stained well with LysoTracker Green; however, when the cells were incubated with 500 μM chloroquine, the lysosomes were not stained with the dye (data not shown).
Dictyostelium mitochondria are numerous, spherical organelles [11] , and the microscopic distribution pattern of mitochondria stained with MitoTracker Orange resembled that of the auto-fluorescent vacuoles in growth phase cells. However, mitochondria were clearly observed in the cells, even when the auto-fluorescent vacuoles were not observed in both stationary phase cells ( Figure 5 ) and cells immediately after emergence from spores (data not shown).
The results summarized in Table 1 When the cells were incubated for 1 h with Fluorescent Bacteria, orange fluorescent phagosomes formed by phagocytosis of the bacteria and blue auto-fluorescent vacuoles were observed as independent moieties by fluorescence microscopy ( Figure 6A ). However, after an additional 2 h incubation (for a total of 3 h after phagocytosis), vacuoles with both orange and blue fluorescent (reddish-purple vacuoles) were observed in the cells along with a few blue auto-fluorescent vacuoles ( Figure 6B ). It is known that secondary lysosomes are formed by the fusion of primary lysosomes with phagosomes [22, 23] . Thus, this observation suggests that the blue auto-fluorescent vacuoles are lysosomes. Some lysosome-related organelles contain acid-dependent hydrolases and cell type-specific components [14] . However, the exact function(s) and the substance(s) of the auto-fluorescence in lysosomes are not yet known, and further investigation is required. The lysosomes were well stained with NBD-PZ, even in the presence of chloroquine; however, they were not stained by LysoTracker Green in the presence of chloroquine (data not shown). It was previously shown that lysosomes in mouse cells were well stained by LysoTracker Red in the presence of chloroquine [15] . These differences in the staining ability of the LysoTracker dyes in the presence of other drugs may be due to variations between LysoTracker Red and Green or between mouse cells and cellular slime mold cells. 
